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CP violation in the lepton flavor violating interactions µ\eg and t\µg

E. O. Iltan*
Physics Department, Middle East Technical University, Ankara, Turkey

~Received 10 July 2001; published 8 November 2001!

We calculate the possibleCP violating asymmetries for lepton flavor violating decaysm→eg and t
→mg. Our predictions depend on the chosen new model independent contribution. The result of the measure-
ments of such asymmetries for these decays will provide valuable information about the physics beyond the
standard model.
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I. INTRODUCTION

Lepton flavor violating~LFV! interactions are among th
most promising candidates to understand the physics bey
the standard model~SM!. The improvement of their experi
mental measurements forces us to make more elaborate
oretical calculations and to determine the unknown para
eters existing in the models used.m→eg andt→mg decays
are the examples for the LFV decays and the current lim
for their branching ratios~BR! are 1.2310211 @1# and 1.1
31026 @2#, respectively.

LFV interactions have been analyzed in different mod
in the literature. They were studied in a model independ
way in @3#, in the framework of model III type two-Higgs
doublet model~2HDM! @4#, and in supersymmetric mode
@5–16#. Recently, the electromagnetic suppression of the
cay rate ofm→eg has been predicted in@17#. Furthermore,
the processest→mg and m→eg have been studied a
probes of neutrino mass models in@18#.

LFV processes do not exist in the SM if the Cabibb
Kobayashi-Maskawa-~CKM-! type matrix in the leptonic
sector vanishes and this stimulates one to go beyond
standard model. The general two Higgs doublet model,
so-called model III, permits such interactions, which app
at least at the loop level, with the internal mediating neu
Higgs bosonsh0 andA0. Note that, in this case, there is n
charged flavor changing~FC! interaction. There are a larg
number of free parameters and their strength can be d
mined by the experimental data. The choice of comp
Yukawa couplings causes theCP violating effects, which
can also provide comprehensive information in the deter
nation of the free parameters of various theoretical mod
The nonzero electric dipole moments~EDM! of the elemen-
tary particles are a sign of such violations.

In this work, we study the possiblity ofCP asymmetry
ACP of decaysm→eg andt→mg in model III. Even if the
Yukawa couplings are taken as complex, in general, mo
III does not ensureCP asymmetry for the decays under co
sideration. However, by correcting the decay rates of th
processes with the additional complex contribution, wh
may come from the physics beyond model III, a measura
ACP can be obtained. Here, we assume that the complexit
the new contribution is not due to the Yukawa type co
plings, but probably to the radiative corrections, in th
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model. The multi-Higgs doublet model with more than tw
Higgs doublets is the possible candidate for such mod
With the choice of real Yukawa couplings, except the on
related with the second Higgs doublet, it would be possi
to get a nonzeroACP . Therefore,ACP , in the decays unde
consideration, can be the evidence of the existence of
physics beyond the SM. Furthermore, this physical quan
is informative in the determination of the type of the ne
physics and it is sensitive to the new free parameters in
model. The forthcoming experimental measurements of p
sible ACP for both processes can give strong clues about
new physics effects beyond the SM.

The paper is organized as follows: In Sec. II, we pres
the possibleCP violating asymmetry for LFV decaysm
→eg and t→mg. Section III is devoted to discussion an
our conclusions.

II. CP VIOLATION IN LFV INTERACTIONS µ\eg
AND t\µg

The extension of the standard model~SM! with the addi-
tional Higgs doublet brings a possibility to create FC neut
currents~FCNC! at the tree level. The introducedad hoc
discrete symmetry in the Yukawa Lagrangian protects th
FCNC currents and so-called model I and II type 2HDM
obtained@19#. If this symmetry is not considered, FCNC
the tree level is allowed. The Yukawa interaction for t
leptonic sector in model III is

LY5h i j
E l̄ iLf1EjR1j i j

E l̄ iLf2EjR1H.c., ~1!

wherei , j are family indices of leptons,L andR denote chiral
projectionsL(R)51/2(17g5), f i for i 51,2, are the two
scalar doublets, andl iL andEjR are lepton doublets and sin
glets, respectively. Heref1 andf2 are chosen as

f15
1

A2
F S 0

v1H0D 1S A2x1

ix0 D G ;f25
1

A2
S A2H1

H11 iH 2
D ,

~2!

and the vacuum expectation values are

^f1&5
1

A2
S 0

v D ;^f2&50. ~3!

With this choice, the SM particles can be collected in the fi
doublet and the new particles in the second one. Here
©2001 The American Physical Society05-1
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bosonsH1 andH2 are the neutralCP evenh0 andCP odd
A0, respectively, since there is no mixing betweenCP even
neutral Higgs bosonsH0 and h0 at the tree level. Further
more, only the Yukawa couplingsj i j

E are responsible for the
physics beyond the SM. In the case where both doub
develop vacuum expectation values, there would be mix
between theCP even neutral Higgs bosonsH0 and h0 and
this increases the number of free parameters, namely,
mixing anglea appears.

The part that produces FCNC~at the tree level! is

LY,FC5j i j
E l̄ iLf2EjR1H.c. ~4!

The Yukawa matricesj i j
E have, in general, complex entrie

Note that in the following we replacejE with jN
E where ‘‘N’’

denotes the word ‘‘neutral.’’
Now, let us consider the lepton number violating proce

m→eg. Here, we expect that the main contribution to th
decay comes from the neutral Higgs bosons, namely,h0 and
A0, in the leptonic sector of model III~see Fig. 1!. Using the
on-shell renormalization scheme the self-energy diagra
vanish and only the vertex diagram@Fig. 1~c!# contributes.
By taking t lepton for the internal line, the decay widthG
becomes@20#

FIG. 1. One-loop diagrams contribute to the LFV decaysl i

→ l jg with iÞ j . The solid line corresponds to the lepton, the cu
line to the electromagnetic field, and the dashed line to the fieldh0

andA0. Here l k denotes the leptonse,m,t.
11500
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G~m→eg!5c1~ uA1u21uA2u2!, ~5!

where

A15Qt

1

8 mmmt
j̄N,te

E j̄N,tm
E @F1~yh0

!2F1~yA0
!#,

A25Qt

1

8 mmmt
j̄N,et

E* j̄N,mt
E* @F1~yh0

!2F1~yA0
!#,

~6!

c15GF
2aemmm

5 /32p4 and the functionF1(w) reads

F1~w!5
w~324 w1w212 lnw!

~211w!3
, ~7!

with yH5mt
2/mH

2 . In Eq. ~6!, j̄N,i j
E is defined asjN,i j

E

5A4 GF /A2j̄N,i j
E , the amplitudesA1 andA2 have right and

left chirality, respectively, andQt52 1
3 . In our calculations

we ignore the contributions coming from internalm and e
leptons, respecting our assumption on the Yukawa coupli
~see the Discussion!.

At this stage, we calculate theCP asymmetryACP of the
processm→eg, given by the expression

ACP5
G2Ḡ

G1Ḡ
, ~8!

where Ḡ is the decay width for theCP conjugate process
However, in the framework of model III,ACP vanishes and
one needs an extra quantity to switch on theCP asymmetry.
Therefore, we assume that there is an additional small
complex contributionx due to the physics beyond model I
such that the factorj̄N,te

E j̄N,tm
E @F1(yh0

)2F1(yA0
)# is cor-

rected as

j̄N,te
E j̄N,tm

E @F1~yh0
!2F1~yA0

!#1x.

Further, we force that the complexity ofx comes from the
possible radiative corrections but not from the Yukawa ty
couplings, in the model beyond model III. This choice ofx
brings a nonzeroCP violation for the processm→eg:
ACP52
u j̄N,te

E j̄N,tm
E u@F1~yh0

!2F1~yA0
!#uxu sinuxsin~ute1utm!

F
, ~9!
er,

so
where

F5u j̄N,te
E j̄N,tm

E u2@F1~yh0
!2F1~yA0

!#21uxu2

12u j̄N,te
E j̄N,tm

E u@F1~yh0
!2F1~yA0

!#uxu cosux

3cos~ute1utm! ~10!
with x5ei uxuxu, j̄N,te
E 5ei uteu j̄N,te

E u, and j̄N,tm
E

5ei utmu j̄N,tm
E u. Of course, the amount ofACP produced de-

pends on the amount of new quantity introduced; howev
even a small contribution may bring a measurableACP for
this process.

At this stage, we introduce a model beyond model III
that the generation of complex parameterx can be illus-
5-2
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trated: The multi-Higgs doublet model, which contains mo
than two Higgs doublets in the Higgs sector, can be one
the candidates. The choice of three Higgs doublets bri
new Yukawa couplings, which are responsible with the int
actions between new Higgs particles and the fermions.
Yukawa Lagrangian in the three-Higgs-doublet mod
~3HDM! reads

LY5h i j
E l̄ iLf1EjR1j i j

E l̄ iLf2EjR1r i j
E l̄ iLf3EjR1H.c.,

~11!

wherer i j
E is the new coupling andf3 can be chosen as

f35
1

A2
S A2F1

H31 iH 4
D , ~12!

with vanishing vacuum expectation value. The fieldsF1 and
H3(H4) represent the new charged andCP even~odd! Higgs
particles, respectively. Note that the other Yukawa coupli
and Higgs particles in Eq.~11! are the ones existing in mode
III. Now, we choose the additional Yukawa couplingsr i j

E real
and take into account the radiative corrections to the con
butions of the third Higgs doublet for them→eg decay.
Here the complex part may come from the radiative corr
tions but not from the new Yukawa couplings. We can ta
this complex contribution as a source for the additional p
x @see Eqs.~9! and ~10!#. The difficulty that arises in this
model is the increase in the number of free paramet
namely, masses of new Higgs particlesmF6, mH3

, mH4
and

the new Yukawa couplingsr i j
E . However, the overall uncer

tainty coming from these free parameters lies in the con
butionx and it can be overcome by the possible future m
surement of the CP violation for the decay unde
consideration.

Now, we would like to discuss the similar analysis f
another LFV decay,t→mg. The decay width for this pro-
cess is calculated by taking only thet lepton as an interna
one @20# and it reads as

G~t→mg!5c2~ uB1u21uB2u2!, ~13!

where

B15Qt

1

48mmmt
j̄N,tm

E $j̄N,tt
E* @G1~yh0

!1G1~yA0
!#

16j̄N,tt
E @F1~yh0

!2F1~yA0
!#%,

B25Qt

1

48mm mt
j̄N,mt

E* $j̄N,tt
E @G1~yh0

!1G1~yA0
!#

16j̄N,tt
E* @F1~yh0

!2F1~yA0
!#%, ~14!

and c25GF
2aemmt

5/32p4. Here the amplitudesB1 and B2

have right and left chirality, respectively. The functio
F1(w) is given in Eq.~7! andG1(w) is
11500
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G1~w!5
w~213 w26 w21w316 w ln w!

~211w!4
.

ACP in this process vanishes in model III, similar t
the one in the decaym→eg and we will follow the same
procedure given above. By correcting the comb
ation j̄N,tm

E ( j̄N,tt
E* @G1(yh0

)1G1(yA0
)#16 j̄N,tt

E @F1(yh0
)

2F1(yA0
)#) with the additional small and complex quanti

r due to the physics beyond model III as

j̄N,tm
E ~ j̄N,tt

E* @G1~yh0
!1G1~yA0

!#

16 j̄N,tt
E @F1~yh0

!2F1~yA0
!# !1r,

we get

ACP5
L

V
, ~15!

where

L52u j̄N,tm
E j̄N,tt

E* uurusinur$sin~utm2utt!@G1~yh0
!

1G1~yA0
!#16 sin~utm1utt!@F1~yh0

!2F1~yA0
!#%,

~16!

and

V5u j̄N,tm
E j̄N,tt

E* u2~@G1~yh0
!1G1~yA0

!#2136@F1~yh0
!

2F1~yA0
!#2!1uru2112u j̄N,tm

E j̄N,tt
E* u2@F1~yh0

!

2F1~yA0
!#@G1~yh0

!1G1~yA0
!#cos 2utt

12u j̄N,tm
E j̄N,tt

E* uuru@G1~yh0
!1G1~yA0

!#cosur

3cos~utm2utt!112u j̄N,tm
E j̄N,tt

E* uuru@F1~yh0
!

1F1~yA0
!#cosurcos~utm1utt!, ~17!

with r5ei ururu and j̄N,tt
E 5ei uttu j̄N,tt

E u. Similar to the pro-
cessm→eg, the amount ofACP strongly depends on the
new quantity introduced and a small contribution may bri
measurableACP for this process also.

III. DISCUSSION

In the case of vanishing charged interactions, with
assumption that a CKM type matrix in the leptonic sec
does not exist, LFV interactions are possible in the one lo
due to neutral Higgs bosonsh0 andA0, in the framework of
model III. In general, the Yukawa couplingsj̄N,i j

E ,i , j
5e,m,t appearing in the expressions are complex and t
ensure nonzero lepton EDM. However, this scenario is
enough to get aCP violating asymmetry in the LFV pro-
5-3
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FIG. 2. ACP of the processm→eg as a function ofuxu for
sinutm50.5, mh0585 GeV, andmA0595 GeV. Here, the solid
lines show the case where sinux50.1 and they correspond to sinute

values 0.1, 0.5, and 0.8 in the order from the lower one to the up
Similarly, the dashed~small dashed! lines represent the case whe
sinux50.5 (sinux50.8).

FIG. 3. ACP of the processm→eg as a function of sinux for
uxu51027 (GeV2), sinute50.5, mh0585 GeV, and mA0

595 GeV. Here, the solid line coresponds to sinutm50.1, dashed
line to sinutm50.5, and small dashed line to sinutm50.8.

FIG. 4. ACP of the processt→mg as a function ofuru for

j̄N,tt
E 5100 GeV, sinur50.1, sinutm50.5, mh0585 GeV, and

mA0595 GeV. Here,ACP is restricted between solid lines fo
sinutt50.1, dashed lines for sinutt50.5, and small dashed lines fo
sinutt50.8.
11500
cesses,m→eg and t→mg. To obtain such asymmetry, w
introduce a small model independent correction term to
decay width with the following features:

~i! this term is due to the physics beyond model III;
~ii ! it is complex and the complexity does not come fro

the Yukawa type couplings.
Note that we introduced the multi-Higgs doublet mod

which contains more than two Higgs doublets with comp
Yukawa couplings due to only the second doublet~see Sec.
II !.

The additional contributions respecting the above con
tions bring nonzeroACP to both processes under conside
ation. However, this extra quantity is completely unknow
and the number of parameters, namely, complex Yuka
couplings and a new model independent quantity, increa
in the numerical calculations. To solve this problem, first,
assume that the Yukawa couplingsj̄N,i j

E , i , j 5e,m, are small

compared toj̄N,t i
E i 5e,m,t since the strength of them is re

lated with the masses of leptons denoted by their indic
similar to the Cheng-Sher scenerio@21#. Further, we take
j̄N,i j

E symmetric with respect to the indicesi and j. Therefore

only the combinationj̄N,t m
E j̄N,t e

E ~the couplingsj̄N,t t
E and

j̄N,t m
E ) for the processm→eg (t→mg) plays the main role

in our analysis.j̄N,t m
E j̄N,t e

E can be restricted using the ex
perimental upper limit of the BR of the processm→eg @1#:

r.

FIG. 5. The same as Fig. 4 but for sinur50.5.

FIG. 6. The same as Fig. 4 but for sinur50.8.
5-4
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BR~m→eg!,1.2310211. ~18!

~see@20# for details!. Here, we do not take the contributio
of an additional part coming from the physics beyond mo
III since we assume that its effect on the constraint regio
sufficiently small. Note that we take the additional contrib
tion uxu as two orders smaller compared
j̄N,te

E j̄N,tm
E @F1(yh0

)2F1(yA0
)#.

For the processt→mg, the couplingj̄N,t m
E is restricted

using the experimental upper and lower limits ofm-lepton
EDM ~ @22#!,

0.3310219e cm,dm,7.1310219e cm ~19!

~see@20# for details! and we do not use any constraint for th
coupling j̄N,t t

E . For this decay, the additional contributio
uru is taken as two orders smaller compar
to j̄N,tm

E $j̄N,tt
E* @G1(yh0

)1G1(yA0
)#16j̄N,tt

E @F1(yh0
)

2F1(yA0
)#%, similar to the previous process.

Figure 2 represents the new quantityuxu dependence o
ACP for sinutm50.5, mh0585 GeV and mA0595 GeV.
Here the solid lines show the case where sinux50.1 and they
correspond to sinute values 0.1, 0.5, and 0.8 in the ord
from the lower one to the upper. Similarly the dashed~small
dashed! lines represents the case where sinux50.5 (sinux

50.8). Choosinguxu at the order of 1027(GeV2), ACP for
the process can be at the order of the magnitude 1022. As
shown in this figure,ACP is sensitive to theCP parameters
sinutm , sinute and obviously to sinux .

In Fig. 3 we present sinux dependence ofACP for uxu
51027(GeV2), sinute50.5, mh0585 GeV, and mA0

595 GeV. Here, the solid line coresponds to sinutm50.1,
dashed line to sinutm50.5, and small dashed line to sinutm
50.8. ACP increases with increasing values of the para
eters sinux , sinute, and sinutm .

Now we would like to show our results for theACP of the
processt→mg in the series of Figs. 4–8. Figure 4 is d
voted to the new quantityuru dependence ofACP for j̄N,tt

E

FIG. 7. ACP of the processt→mg as a function of sinur for
uru50.1 (GeV2), sinutm50.5, mh0585 GeV, and mA0

595 GeV. Here,ACP is restricted between solid lines for sinutt

50.1, dashed lines for sinutt50.5, and small dashed lines fo
sinutt50.8.
11500
l
is
-

-

5100 GeV, sinur50.1, sinutm50.5, mh0585 GeV, and
mA0595 GeV. Here,ACP is restricted between solid line
for sinutt50.1, dashed lines for sinutt50.5, and small
dashed lines for sinutt50.8. Note that the upper and lowe
bounds forACP are due to the constraint ofj̄N,tm

E coming
from the experimental limits ofm-lepton EDM.ACP for this
process is of the order of magnitude 1023. However, the
increasing values of sinur enhances it almost one order a
seen in Figs. 5 and 6, where they correspond to sinur values
0.5 and 0.8, respectively. The strong sensitivity ofACP to the
parameter sinur is shown in Fig. 7. In this figure, we presen
sinur dependence ofACP for uru50.1(GeV2), sinutm50.5,
mh0585 GeV, andmA0595 GeV. Here,ACP is restricted
between solid lines for sinutt50.1, dashed lines for sinutt
50.5, and small dashed lines for sinutt50.8. These figures
show that the restriction region forACP becomes broade
with increasing values of sinutt . The same behavior appea
when sinutm increases also.

Finally, we study the mass ratiomh0 /mA0 dependence of
ACP for the fixed values of sinutm5sinutt50.5, uru
50.1 (GeV2), and mh0585 GeV in Fig. 8. HereACP is
restricted between solid lines for sinur50.1, dashed lines for
sinur50.5, and small dashed lines for sinur50.8. It is ob-
served thatACP increases when the masses of neutral Hig
bosons are near to degeneracy. This enhancement is larg
large values of sinur .

As a result, it is possible to get a measurableACP for the
LFV interactionsm→eg andt→mg if there exists an addi-
tional small and complex contribution coming from th
physics beyond model III. Here, the complexity of the ne
contribution should not be due to the Yukawa type couplin
but comes from radiative corrections. With the reliable e
perimental measurements of such asymmetries, it would
possible to test the new contributions and the correspond
physics.
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FIG. 8. ACP of the processt→mg as a function of the mass

ratio mh0 /mA0 for j̄ tt
E 5100 GeV, sinutm5sinutt50.5, uru

50.1 (GeV2), andmh0585 GeV.
5-5



D

.

s.

E. O. ILTAN PHYSICAL REVIEW D 64 115005
@1# MEGA Collaboration, M.L. Brookset al., Phys. Rev. Lett.83,
1521 ~1999!.

@2# CLEO Collaboration, S. Ahmedet al., Phys. Rev. D61,
071101~R! ~2000!.

@3# D. Chang, W.S. Hou, and W.Y. Keung, Phys. Rev. D48, 217
~1993!.

@4# R. Diaz, R. Martinez, and J-Alexis Rodriguez, Phys. Rev.
63, 095007~2001!.

@5# F. Borzumati and A. Masiero, Phys. Rev. Lett.57, 961 ~1986!.
@6# R. Barbieri and L.J. Hall, Phys. Lett. B338, 212 ~1994!.
@7# R. Barbieri, L.J. Hall, and A. Strumia, Nucl. Phys.B445, 219

~1995!.
@8# R. Barbieri, L.J. Hall, and A. Strumia, Nucl. Phys.B449, 437

~1995!.
@9# P. Ciafaloni, A. Romanino, and A. Strumia, IFUP-YH-42-95

@10# B. Carlos, J.A. Casas, and J.M. Moreno, Phys. Rev. D53, 6398
~1996!.

@11# T.V. Duong, B. Dutta, and E. Keith, Phys. Lett. B378,
11500
128 ~1996!.
@12# G. Coutureet al., Eur. Phys. J. C7, 135 ~1999!.
@13# W. Buchmuller, D. Delepine, and F. Vissani, Phys. Lett. B459,

171 ~1999!.
@14# Y. Okada, K. Okumara, and Y. Shimizu, Phys. Rev. D61,

094001~2000!.
@15# W. Buchmuller, D. Delepine, and L.T. Handoko, Nucl. Phy

B576, 445 ~2000!.
@16# K. Choi, E.J. Chun, and K. Huang, Phys. Lett. B488, 145

~2000!.
@17# A. Czarnecki and E.J. Jankowski, hep-ph/0106237.
@18# S. Lavignac, I Masina, and C.A. Savoy, hep-ph/0106245.
@19# J. Gunion, H. Haber, G. Kane, and S. Dawson,The Higgs

Hunters Guide~Addison-Wesley, New York, 1990!.
@20# E. Iltan, Phys. Rev. D64, 013013~2001!.
@21# T.P. Cheng and M. Sher, Phys. Rev. D35, 3484~1987!.
@22# K. Abdullah et al., Phys. Rev. Lett.65, 2347~1990!.
5-6


